Backgroud and objectives: Although lung attenuation distribution and lung volume on computed tomography (CT) have been widely used in evaluating COPD and interstitial lung disease, there are only a few studies regarding the normal range of these indices, especially in Chinese subjects. We aimed to describe the normal range of lung attenuation distribution and lung volume based on CT. Methods: Subjects with normal lung function and basically normal chest CT findings (derivation group) at Ruijin Hospital, Shanghai (from January 2010 to June 2014) were included according to inclusion and exclusion criteria. The range of the percentage of lung volume occupied by low attenuation areas (LAA%), percentile of the histogram of attenuation values (Perc n), and total lung volume were analyzed. Relationships of these measures with demographic variables were evaluated. Participants who underwent chest CT examination for disease screening and had basically normal CT findings served as an external validation group. Results: The number of subjects in the derivation group and external validation groups were 564 and 1,787, respectively. Mean total lung volumes were 4,468±1,271 mL and 4,668 ±1,192 mL, and median LAA%(-950 HU) was 0.19 (0.03-0.43) and 0.17 (0.01-0.41), in the derivation and external validation groups, respectively. Reference equations for lung volume and attenuation distribution (LAA% using -1,000-210 HU, Perc 1 to Perc 98) were generated: Lung volume (mL) = -1.015 *10^4+605.3*Sex (1= male, 0= female)+92.61*Height 
Introduction
Lung computed tomography (CT) examination has been widely used to provide indices reflecting regional density. [1] [2] [3] Two main indices of emphysema visualized on CT -the Lung attenuation distribution based on CT, such as measurement of the percentage of high attenuation areas (HAA%), which is generally calculated by 100%-LAA%, can be used to quantitatively evaluate interstitial lung disease (ILD), [13] [14] [15] [16] pulmonary infection, 17 and acute respiratory distress syndrome (ARDS). 18 For ILD, these quantitative indices show good correlation with visual scores, severity of dyspnea, lung function, and prognosis. 13, 14 Indices of extent of fibrosis include mean and median lung attenuation, 19 and the proportion of the lung volume with attenuation of -700-200 HU, ie, HAA% (HAA% =100%-LAA%) using a threshold of -700 HU.14 Functional lung volume (FLV) can be measured as lung volume with attenuation from -950-700 HU. The ILD volume (ILDV) can be measured as lung volume with attenuation from -700-500 HU. 15 The extent of ground-glass opacity can be measured as lung volume with attenuation from -800-500 HU. 16 For ARDS, lung proportion with attenuation from -1,000-900 HU is defined as overdistended, lung proportion with attenuation from -900-500 HU is defined as normally aerated, and lung proportion with attenuation above -500 HU is defined as poorly aerated or nonaerated. 18 CT examination can also provide indices regarding lung volume 20 which makes it useful in differentiating among types of ventilatory defects. When FEV1 and FVC are concomitantly decreased, total lung capacity (TLC) in pulmonary function tests (PFT) is very important in differentiation of obstructive, restrictive, and mixed abnormalities. 21, 22 However, a singlebreath (SB) test may systematically underestimate TLC, especially in the presence of severe airflow obstruction, which may increase the risk of misclassification of PFT abnormalities. 22, 23 Plethysmographic lung volume testing is expensive, and is ordinarily only available at specialized referral centers. 24 A strong correlation has been reported between TLC measured by plethysmography and CT measurement of total lung volume. 25, 26 Therefore, lung volume from CT scans can be used in differential diagnosis of ventilatory defects.
To distinguish disease manifestations, the normal range of lung attenuation distribution and lung volume on CT is helpful. In a normal population, LAA% may vary due to altered stretch or compression of the lung related to gravity, height of the lung and support of the heart, 2,27 variation in residual peripheral airway structures, and scatter effects. 28 Several studies [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] have reported the normal range of LAA%, Perc n, and lung volume for both smokers and non-smokers. However, only two studies with comparatively small sample sizes (22, In this article, we described the normal range of lung attenuation distribution, and lung volume on CT based on a large sample of subjects with normal lung function and CT findings, and provided normal reference equations for the Chinese population.
Methods and materials

Study design
This retrospective study was performed in Ruijin Hospital, Shanghai, People's Republic of China. Subjects who underwent chest CT examination with or without lung function tests in this hospital from January 2010 to June 2014 were retrospectively analyzed. The study was approved by the Institution Ethics Committee of Ruijin Hospital, and patient consent requirement was waived due to the retrospective nature of the study and the waiver of informed consent would not affect the health and rights of the subjects. Patient data confidentially was protected and complied with the declaration of Helsinki.
Study population
The derivation group consisted of subjects who had normal lung function and basically normal chest CT findings. The normal reference value of lung function was calculated by the default equation for Chinese in Jaeger ® MasterScreen Body/Diff system (CareFusion Corporation, San Diego, CA, USA). Subjects in the derivation group needed to meet all inclusion criteria and none of the exclusion criteria. Participants in the external validation group were those who underwent chest CT examination for disease screening and had basically normal CT findings, and met second inclusion criterion and neither of the first two exclusion criteria. Inclusion criteria were: i) subjects with normal spirometric values; ii) subjects underwent a chest CT examination that was reconstructed using a standard (or B26, I31, I41) algorithm and section thickness and intervals of 5 mm as described in the previous report. 40 Exclusion criteria were: i) subjects who had undergone thoracic surgery; ii) subjects who had a CT finding of pneumothorax, pleural effusion, pneumonia, emphysema, ILD, chronic bronchitis, bronchiectasis, lung bullae, lung abscess, or lung mass, lung neoplasm; and iii) patients who had an abnormal rate of carbon monoxide (CO) uptake in the lungs.
CT scanning and analysis were calculated as FLV and proportion. V (-700-500 HU) and V% (-700-500 HU) were calculated as ILDV and proportion.15 V (-800-500 HU) and V% (-800-500 HU) were calculated as ground-glass opacity volume and proportion.16 V (-1,000-900 HU) and V% (-1,000-900 HU) were calculated as overdistended lung. V (-900-500 HU) and V% (-900-500 HU) were calculated as normally aerated lung. V (above -500 HU) and V% (above -500 HU) were calculated as poorly aerated or non-aerated lung.18.
Lung function test
Lung function tests, including spirometry and SB determination of CO uptake, were performed using Jaeger ® MasterScreen Body/Diff system according to the American Thoracic Society/European Respiratory guidelines. 41, 42 Statistical analysis LAA%, Perc n, and lung volume were expressed as median, interquartile range, and 2.5th and 97.5th percentiles. BOXCOX transformation is proposed as a parametric power transformation technique, which deals with data that do not confirm normality and/or homogeneity of variance. 43 Since LAA% and Perc n did not show a normal distribution, uniform distribution, or exponential distribution, the BOXCOX transformation and the optimal λ value (with three digits after the decimal point) were used ( Figures S1 and S2 ). Relationships between CT-based measures and demographic variables such as sex, age, height, and weight were examined using linear regression models. Variables were selected stepwise, with an entry criterion of p<0.05, and a removal criterion of p>0.10. Reference equations for CTbased measures were developed from the results of linear regressions. The normal range was calculated as follows: predicted value ±1.96* RSD, where RSD is the residual standard deviation. For indices for which 0 was in the normal range (shown as 2.5th percentile =0), the normal range was calculated as predicted value +1.645*RSD.
BOXCOX transformations were completed with STATA 11.0 (StataCorp LP, College Station, TX, USA). Descriptive statistics and linear regressions were performed using SPSS 17.0 (SPSS Inc., Chicago, IL, USA).
Results
A total of 5,139 chest CT scans with corresponding lung function tests were initially screened for the derivation group, and 564 subjects were included for analyses ( Figure 1A) . Similarly, 4,816 chest CT scans for the external validation group were screened and reviewed, and 1,787 subjects were regarded as eligible ( Figure 1B) .
The demographic characteristics of participants are provided in Table 1 . Subjects in the derivation group had a median age of 58 years with an interquartile range of 48-64. Participants in the external validation group had a median age of 60 years with a range of 53-67.
Mean and median volume were 4,468±1,271 mL and 4,423 mL (3,614-5,294), respectively in the derivation group, and 4,668±1,192 mL and 4,586 mL (3, 524) Table 2 . The distributions of other indices are shown in Figure 2 and Table S1 .
No emphysema index (LAA% using -1,000-210 HU, Perc 1 to Perc 98) except for Perc 96 and Perc 97 followed a normal distribution. Normality obviously improved after BOXCOX transformation (Table S2 ). The scatter graph of LAA%(-950 HU) and lung volume vs demographic characteristics are shown in Figure S3 . Reference equations and normal ranges were derived for lung volume, every LAA%, and Perc n and included terms of age, sex, height, weight and only age and sex. Main indices are shown in Table 3 , and others are shown in Table S3 . We also found small but significant differences in LAA %(-950 HU), LAA%(-930 HU), and Perc 15 among different CT scanners even with similar reconstruction kernels and the same section thickness. Significant differences were not seen for total lung volume (Table 4) . The differences between observed values and predicted values calculated from the present reference were similar in the derivation and external validation groups (Table S4) . The median lung volume measured by SB gas dilution method (TLC-SB) in derivation group was 5.12 L (4.345-5.92). The lung volume measured on CT was closely correlated with TLC-SB (r=0.814, p<0.001) ( Figure 3A) . However, there were still some differences between CT lung volume and SB lung volume. The mean difference was -339±777 mL. The difference seems to confirm normal distribution and was not Excluded N=1,759 Chest CT using intravenous contrast medium, N=797 CT scans reconstructed using other parameters, N=962
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Chest CT scans reconstructed using a standard algorithm and a section of thickness of 5 mm, N=2, 759 correlated to other factors (eg, SB lung volume, age, sex, height, weight) ( Figure 3B-F) . However, the absolute deviations from mean of the difference between CT lung volume and SB lung volume seem positively correlated with age (r=0.150, p=0.061) ( Figure 3D ). Spearman's correlation showed that LAA%(-950 HU), LAA%(-910 HU), and Perc 15 were not significantly correlated to X-ray tube current (r=0.017, -0.021, 0.030, respectively). Although there was a positive correlation between lung volume and tube current (r=0.115, p=0.006), the tube current was more closely correlated to height (r=0.676, p<0.001) and weight (r=0.360, p<0.001). Tube current was not an independent influencing factor of lung volume when other demographic characteristics (ie, height, weight, sex, age) were included in the multivariate regression.
Discussion
Results of the present study demonstrate significant variation in LAA%, Perc n, and total lung volume on CT scans due to demographic factors among Chinese subjects with normal lung function. We provided reference equations to account for normal variation and to more accurately define abnormal values of LAA%, Perc n, and total lung volume on CT scans.
Although CT characteristics in a normal population have been previously described in several studies, 29, 30, 37, 38 to the best of our knowledge, this study is the first to explore whole lung attenuation distribution from LAA%(-1,000 HU) to LAA %(-210 HU), and from Perc 1 to Perc 98, with a comparatively large sample size among Chinese subjects with normal lung function, using routine chest CT images reconstructed with 5 mm section thickness and the standard algorithm. Acquisition protocols were the same as protocols used in routine clinical practice. Reference equations were validated with an independent cohort, which strengthens the reliability of the study. Since routine CT scans do not include information about patients' height and weight, we also generated reference equations using only age and sex. Hence, reference equations developed in our study are likely to be directly applicable to clinical practice. Mean and median lung volumes were consistent with values reported in previous studies. 32, [35] [36] [37] Median LAA% (-950 HU) were lower than values in most previous studies. [29] [30] [31] [34] [35] [36] [37] [38] These results may be due to differences among races as well as differences in section thickness and reconstruction kernels. Previous studies showed that LAA %(-950 HU) in normal Asian participants was lower than LAA% for Caucasians. 32 Median LAA%(-950 HU) in normal participants were 1%-2.5% with thin slice thickness and standard reconstruction, 31,34,36,37 and 7.5%-15%
with thin slice thickness and high resolution reconstruction. 30, 34, 35 However, LAA%(-950 HU) was low (0.19%-0.59%) in young participants, even when reconstructed using high-frequency and 2 mm slice thickness. 29, 38 Median FLV, its ratio to lung volume (FLV%), ILDV, and ILDV% of patients with normal function and CT finding in previous studies fall between the 25th to 75th percentiles in the present study. 15 Median FLV, FLV%, ILDV, ILDV% of patients with ILD in previous studies fall 14, 15 between the 2.5th and 25th or 75th and 97.5th percentiles in the present study. Overlaps of these indices are seen with ILD patients and normal participants. In the present study, lung volume was found to be higher in males and tall and comparatively thin individuals, and was negatively related to age in the absence of height and weight information. This finding is consistent with most previous studies that also show higher lung volume in males 31, 36, 37 and taller individuals. 31, 32, 36 One study reported that lung volume was negatively correlated with body mass index, 36 while another showed that lung volume was positively correlated with weight. 32 Only one study 36 indicated a negative correlation between age and lung volume; in other studies the correlations were not significant. 31, 37 The present study shows that LAA% (-950 HU) was higher in male, tall, thin, and elderly subjects. Previous studies reported that LAA% is higher in males. 36, 37 One study indicated that LAA% was higher in tall, thin, and elderly individuals, 36 while another did not. 37 Besides, we found that the lung volume measured on CT was lower than lung volume measured by SB gas dilution method. The differences between CT lung volume and SB lung volume may be caused by several factors. 1), the CT was performed at spine position and lung function test was performed at sitting position, while the lung volume at spine position was lower than that at sitting position. Therefore, the mean difference between CT lung volume and SB lung volume was negative.
2) The random error exists in every exam. 3) Some subjects, especially elders, may not cooperate with exams well. Therefore, the random error was larger in elders.
There are some limitations in this study. 1) The target population of this study was Chinese, healthy individuals. However, it is unethical to enroll healthy individuals to undergo chest CT. Therefore, we chose two different sample groups to ensure the representativeness. The derivation group included the patients with LAA% for participants with normal lung in female Notes: For all equations, age was measured in years; height was measured in cm; weight was measured in kg; and sex was coded as 1= male, 0= female. normal lung function and basically normal chest CT. The external validation group included the subjects who underwent chest CT examination for disease screening and had basically normal CT manifestations. In the derivation group, the patients underwent these examinations mainly as preoperative examination, or to find the causes of cough or chest tightness.
2) The information on symptoms and smoking status were not available. Smokers, asthmatic patients were not excluded. However, only individuals with normal lung function and chest CT were included. Currently, no evidence proves the differences in the lung volume and lung density distribution between asthmatic patients with normal spirometry results and healthy individuals. The healthy smokers without lung disease can also be regarded as a part of the normal, healthy population. Therefore, we considered that this group is at least representative of the population that presents to a hospital with a variety of conditions, but with normal lung structure and function.
3) The normal range and reference equation was not validated in an internal validation group with the same acceptance criteria. However, the comprehensive effect of the bias from overfitting and sample selection was evaluated by the external validation group. 4) In the present study, the tube current of external validation group was lower than the derivation group. Although some studies showed that CT scan measurements of low density lung structures were affected by radiation dose but are less sensitive to the lung volume, 44 others showed there was no significant effect of tube current on emphysema extent measured on chest CT. 5 In the present study, the X-ray tube current was not an independent influencing factor of LAA% (-950 HU), LAA%(-910 HU), Perc 15, and lung volume. Thus, we believed that this difference will not influence the results in this study.
In conclusion, herein we present a large population-based assessment of LAA%, Perc n, and total lung volume measured using CT scans from subjects with normal lung function and CT findings. We demonstrated significant differences in these measures based on sex, age, height, and weight, and we provided reference equations to account for these differences. International Journal of Chronic Obstructive Pulmonary Disease
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